The ability to precisely control the morphology and dimension coupled with the tunable surface reactivity has led to the widespread investigation of nanomaterials for various device applications. The associated high surface area to volume ratio implies that large numbers of atom are residing on the surface and are available for interaction. Accordingly, nanomaterials have demonstrated the potential to realize sensors with ultrahigh sensitivities and fast response kinetics. The smaller size further provides the possibility of miniaturization and integration of large number of devices. All these properties makes them an attractive candidate for the fabrication of electronic nose or e-nose. E-nose is an intelligent chemical-array sensor system that mimics the mammalian olfactory system. The present paper critically reviews the recent development in the field of nanomaterials based e-nose devices. In particular, this paper is focused on the description of nanomaterials for e-nose application, specifically on the promising approaches that are going to contribute towards the further development of this field. Various issues related to successful utilization of different nanomaterials for commercial application are discussed, taking help from the literature. The review concludes by briefing the important steps taken towards the commercialization and highlighting the loopholes that are still to be addressed.
Introduction
The term "electronic nose" was coined in 1988 by Gardner and Bartlett wherein they defined e-nose (EN) as "an instrument which comprises an array of electronic chemical sensors with partial specificity and appropriate pattern recognition system, capable of recognizing simple, or complex odors" [1, 2] . It is interesting to note that not everything that can be measured with the help of EN has a smell or odor and hence sometimes the word can be misleading. More appropriately it can be defined as "an intelligent chemical-array sensor system that mimics the mammalian olfactory system" (Figure 1 ) [3] [4] [5] . It is important to note that EN functions are less in comparison to that of human nose applications as they are mostly developed for desired applications. That is to say that an EN nose developed for biosensor cannot be used for other applications like food quality or environmental monitoring. ENs are application specific, that is, an all purpose ideal EN is not available. EN can however be used for more applications wherein the sensor array employed needs to generate a response. For example, EN developed for chemical sensors can be used for measuring the food quality in particular alcoholic beverages and food freshness's. In both the application the sensor sees only the odor it is exposed to and accordingly, with the appropriate training period can be used to classify, identify, and sometimes quantify the odorant. As shown in Figure 1 , the main components of the EN include an array of chemical sensors, electronic circuitry, and data analysis software. Additionally, it may also consist of a sampling, filtering, and conditioning system (for a reproducible collection of the mixture). It is clearly evident that the EN comprises the technical equivalent of every part of mammalian nose. Incorporation of all the components into a single device leads to the increase in the size of an EN. A comparison between natural and artificial olfactory system clearly indicates that still natural systems are the best and surpasses the advantages offered by the artificial systems [6] . However, when specific application is considered the artificial system advantageously surpasses the natural olfactory systems. With the advent in nanoscience and nanotechnology, novel nanomaterials (both organic and inorganic) and techniques with potential use for EN applications are being developed. Figure 2 shows the wealth of interesting nanostructures that have demonstrated the potential for EN applications. The abundance of nanomaterials like nanospheres, nanocubes, nanobipyramids, nanopencils, NWs, nanotubes, nanobelts, nanorings, and nanohelixes has led to the upsurge in their synthesis and possible applications. The associated high surface area to volume ratio of the nanomaterials is particularly advantageous for the sensor application as most of the material is made available for interaction with the target analytes. Fast response time (<ms), high sensor response values signifying better separation between the interfering responses, detection of very low concentrations, and smaller training periods are some of the advantages. However, there are reports on the developments of the EN based on nanomaterials but realizing a complete commercial device is still a daunting challenge. The present paper critically reviews the recent development in the field of nanomaterials based EN devices. In particular, this review paper is focused on the description of nanomaterials for EN application, specifically on the promising approaches that are going to contribute toward the further development of this field. Various issues related to successful utilization of different nanomaterials including 1D and 2D structures for commercial application are discussed taking help from the literature. The review concludes briefing the important steps taken towards the commercialization and highlighting the loopholes that are still to be addressed. Considering the vast research span and the number of papers that are being added to the literature many of the important papers are more likely to be missed; however, a proper care has been taken so as to include all the important papers that are being published prior to and in the course of this paper. I hope that the present paper will be helpful for understanding the importance and effective use of nanomaterials in realizing commercial "electronic nose" devices. Figure 3 shows the field in which ENs demonstrated potential applications [6] . ENs have been successfully employed in the detection of food quality [7] [8] [9] [10] [11] [12] , waste water management [13] , flammable liquids [14] , and environment: air pollution [15] , water pollution [16, 17] , beauty and health care [18] [19] [20] [21] , medical diagnostics [22] [23] [24] [25] [26] [27] , and warfare [28] [29] [30] . In determination of food safety the most common use is for the determination of quality of tea [31] , milk, alcoholic beverages [32] [33] [34] [35] , fruits [36, 37] , meats and fishes [38] [39] [40] , cheese, and other dairy products [7, 41, 42] . EN for gas sensors have been demonstrated for methane [43] , ethanol, toluene, o-xylene [44] , CO, and CH 4 [45] . In medical diagnostics, ENs have been demonstrated to be successful for detection of various biomolecules including cancer biomarkers [46] necessary for early diagnosis and faster treatment. One of the major advantages of artificial system over the natural EN is that the data is interpreted without any bias. Natural EN have the risk of false human sensory evaluations and poor decision making as they are dependent on the physiological and psychological status. Figure 4 shows a schematic of the simplified and complete EN device. It consists of three main components, namely, (i) multiple sensor array, (ii) data acquisition system, and (iii) pattern recognition algorithm.
EN Applications.

Components of E-Nose
Multiple Sensor Array.
Multiple sensor array (MSA) is an array of the sensing elements (sensors) which are able to transduce chemical changes or interactions into measureable signals. Chemical sensors, which are the heart of the system, can be divided into three categories according to the type of sensitive material used: inorganic crystalline materials (e.g., semiconductors, as in MOSFET structures, and metal oxides), organic materials and polymers, and biologically derived materials [47] . The sensing elements are chosen depending on the type of analyte/gas that is required to be detected. One of the requirement of MSA is that it should be a balanced combination of identical and different types of sensors. One of the important questions for fabricating an EN device is "what type of sensors should be usedidentical or different?" Identical sensors are required for the improvement in the precision, and different sensors are required for cross-verification of data. Another important question is that "how many sensors one should use?" The answer to the question lies in the information that is sought. If the background is unknown, mixtures are present, or background gases are changing in concentration, more number of sensorsare needed to avoid ambiguity in interpreting the output signal pattern, and accomplish optimal discrimination avoiding false alarm signatures. Additionally, EN can be trained to ignore some of the bad sensors and select sensors important for a particular task. A limited number of sensors are used only when the information sought is to distinguish between a series of pure substances maintained at known concentration.
Data Acquisition
System. The data acquisition system is responsible for capturing the signals provided by the sensor array and then delivering them to the process processing or computing system that has the appropriate software for processing such information. The control and data acquisition systems can be integrated into a single device, which can be a data acquisition card, a microcontroller, a (Digital Signal Processor) DSP or a computer. Reliable connections between electrodes and measuring device are ensured for reproducible and quality data. It must also have adequate power stage to handle the elements that consume more power. The data acquisition system must be capable of handling and storing data from multiple sensors simultaneously. The group of such data is initially used for preparation of the data bank.
Pattern Recognition
Algorithm. The aim of pattern recognition algorithm (PRA) is to classify, identify, and where necessary quantify the vapor or odors of concern based on the data stored in data-bank. Patterns or finger prints from known analytes are used to construct a database and train a pattern recognition system so that the unknown analytes can subsequently be classified and identified. There are various methods used to facilitate this process. The processes can be divided mainly into three groups.
Graphical Analysis.
The simplest form of data reduction is graphical analysis useful for comparing samples or comparing aroma identification elements of unknown analytes relative to those of known sources in reference libraries. An array of sensors that individually respond to vapors can produce a distinguishable response pattern for each separate type of analyte or mixture. Each individual sensor responds to a variety of gases, but the pattern of differential responses across the array produces a unique pattern for each gas, that is, a distinct fingerprint for each type of gas [48] . The pattern of changes (optical: intensity; electrical: resistance or current magnitude) on the array is diagnostic of the vapor, while the amplitude of the patterns indicates the concentration of the vapor. There are various techniques employed for this purpose, like bar graph, polar, and offset polar plots.
Multivariate Data Analysis.
Multivariate data analysis (MDA) comprises a set of techniques for the analysis of data sets with more than one variable by reducing high dimensionality in a multivariate problem when variables are partly correlated, so they can be displayed in two or three dimensions. MDA is based on the principle of multivariate statistics, which involves observation and analysis of more than one statistical outcome variable at a time. There are varieties of multivariate data analysis methods, like For EN data analysis, MDA is very useful when sensors have partial-coverage sensitivities to individual compounds present in the sample mixture. Multivariate analysis can be divided into untrained or trained techniques. Untrained techniques are used when a database of known samples has not been previously built, therefore, it is not necessary nor intended for recognizing the sample itself, but for making comparisons between different unknown samples to discriminating them. The simplest and most widely used untrained MDA technique is principal component analysis. PCA is most useful when no known sample is available or when hidden relationships between samples or variables are suspected. On the contrary, trained or supervised learning techniques classify unknown samples on the basis of characteristics of known samples or sets of samples with known properties that are usually maintained in a reference library that is accessed during analysis.
Network Analysis.
Network analysis provides the crucial relationships and associations between many objects of different types that are not apparent from isolated pieces of information. There are various techniques employed for the purpose, for example, (i) artificial neural network (ANN) and (ii) radial basis function (RBF).
The artificial neural network (ANN) is the best known and most evolved analysis techniques. An artificial neural network, often just called a neural network, is a mathematical ISRN Nanomaterials 5 model inspired by biological neural networks. A neural network consists of an interconnected group of artificial neurons, and it processes information using a connectionist approach to computation. In most cases a neural network is an adaptive system that changes its structure during a learning phase. Neural networks are used to model complex relationships between inputs and outputs or to find patterns in data [49, 50] . Various instrument-training methods are employed through pattern-recognition algorithms that look for similarities and differences between identification elements of known patterns found in an analyte-specific reference library. The training process requires a discrete amount of known sample data to train the system and is very efficient in comparing unknown samples to known references. The result of ANN data analysis usually is in the form of a percentage match of identification elements in the sample with those of patterns from known sources in the reference library.
From graphical to network analysis, precision increases on the cost of increase in complexity. The choice of method utilized depends on the type of available input data acquired from the sensors and the type of information that is sought. A vast amount of research is devoted to the development of application specific and appropriate PRA and reference to them can be found in the journal "Journal of Multivariate Analysis" by Elsevier.
Classification of EN
EN are generally classified based on the detection principle involved or the type of sensor used. These includes the following.
Optical Sensor Systems.
Herein the modulation of optical properties, namely, absorption, transmission, fluorescence, optical layer thickness, polarization, and so forth are measured [51] .
Mass and Ion Mobility Spectrometry.
For mass spectrometry the different components of the analytes are separated by measuring the mass to charge ratio under the application of electric and/or magnetic fields [52, 53] . In case of ion mobility along with the reduced mass and charge, the mobility of the ions is also measured [54] [55] [56] . These techniques however suffer from the drawback of technical complexity and vaccum operation.
Gas
Chromatography. The sample, transported by the mobile phase (gas), is directed over the stationary phase (liquid or solid) and interacts with it. Depending on physical and chemical properties, such as the boiling point, the polarity, H-bonding, and polarizability, the affinity of each single substance for the stationary phase is different. The partition behavior determines the retention time of the components and, consequently, the order of elution [57] .
Infrared Spectrometry.
The characteristic absorption bands give information regarding the type of chemical bonds.
And hence can be employed for the determination of single or multiple chemicals through unique fingerprint spectrum and using appropriate pattern recognition algorithm [58, 59] .
Chemical Sensors.
These work on the principle of change in the properties (electrical, mechanical, optical, and piezoelectric) of the sensing material as a result of chemical interaction with the test gas or analyte. The ENs based on this principle are highly popular and widely used due to their simple operation, ability to control and tailor the different process parameters, and close resemblance to the mammalian olfaction. These are often divided into the metal oxide sensors [60] , metal oxide field effect transistor, surface and bulk acoustic wave, and conducting polymers [61] . Chemiresistive/FET-based sensors are highly exploited due to the low cost, low power consumption, miniaturization, and multiplexing capabilities [62] .
As mentioned above various techniques and materials have demonstrated their applicability for the possible EN applications. However, EN based on nanomaterials is looked upon as a next generation technique fulfilling almost all the requirements of future technologies and commercial health and beauty product [63] . These include ease of synthesis, miniaturization, control over dimensions, and tunable surface reactivity.
Why Nanomaterials?
The ability to precisely control the dimensions of both organic and inorganic nanomaterials has led to an upsurge in the field of their synthesis [64] [65] [66] . The associated high surface area to volume ratio and the finite or quantum size effects have led to many new interesting phenomenon's in physics, chemistry, biology, and materials science [67] . This has lead to a new field of "Nanoscience and Nanotechnology." Of the various applications being investigated, nanomaterials have emerged as a general platform for the direct electrical detection of biological and chemical species with enhanced sensing characteristics [68] [69] [70] [71] [72] .
One of the most attractive classes of materials for functional nanodevices is semiconductors or in particular metal oxides [73, 74] . They offer the advantages of simple operation and ease of fabrication, simple precursors and the potential for compatibility with microelectronic processing, low cost, and low power consumption. Sensors are characterized by the three basic factors, namely, receptor, transducer, and utility [75] . The receptor function takes account of the interaction of target molecules with the sensor surface while the transducer function basically transforms the interaction into a measurable response (usually electrical). The third factor, utility, determines the effective utilization of surface and bulk grains for the measured response. The transducer function is deeply correlated to the microstructure of the elements, that is, the grain size (D) and the depth of the surface space-charge layer (L). The sensors response is drastically enhanced when grain size D is ≤ 2L. Another way to tailor the response is by means of controlling L which can be achieved by introducing defect states or midgap states by means of doping or surface 6 ISRN Nanomaterials modification [76] . It has been demonstrated that reduction in the grain size close to the Debye length or mean free path of an electron results in the exponential increase in the sensor response [77, 78] . In order to improve the sensing response efforts have been directed primarily to realize smaller and smaller structures that can be effectively utilized for achieving sensors with improved response characteristics or the socalled "next generation sensors. " The enhanced response in these cases is attributed to the high surface area to volume ratio enabling high surface reactivity. Accordingly, various nanomaterials are being synthesized and investigated for possible sensing applications. The basic nanoforms include nanoparticles, nanowires (NWs), nanotubes, and nanobelts [79] . Along with this different 3D heterostructures like nanomultipods, nanorings, nanohelixes, nanoflowers, and so forth are also being investigated in great detail [80] [81] [82] [83] [84] [85] [86] [87] . Nanomaterials offer various advantages that includes (i) high surface area to volume ratio;
(ii) enhanced and tunable surface reactivity;
(iii) faster response kinetics;
(iv) size and effective Debye length comparable to the size of analytes;
(v) crystalline dislocation-defect free structure with precise chemical composition, surface, and terminations;
(vi) high crystallinity implies superior stability;
(vii) ease of incorporation into microelectronic devices;
(viii) possibility of high integration densities and;
(ix) smaller size implies low power consumption;
(x) and low cost.
Of the different forms nanoparticles, NWs, and nanotubes (NTs) have been investigated in detail. Although, nanoparticles-based sensors exhibited superior sensing properties; however, they suffer from the drawback of poor structural stability or degradation due to grain coalescence when operated for longer time or at high operating temperatures [88] . Incorporation of microadditives has been demonstrated to improve the thermal stability and decrease the effective grain size [89] . Presence of additives (5-10%) over the sensor surface significantly reduces the surface diffusion inhibiting the grain growth [90] . Introduction of high concentrations of additives could drastically change the material property affecting adversely the sensing properties. Higher loading implies large number of structural defects implying pinning of the surface Fermi level and limitation on the Fermi level shift [91] . A room temperature sensor based on nanoparticles have also been reported, but a strong dependence on humidity is observed for these sensors, which is also a major concern [92].
One dimensional (1D) structures, namely, NTs and NWs with associated high aspect ratio, that is, length to diameter ratio of 20 or larger, are promising for sensing applications. Their use as a sensing material should reduce instabilities and drift in electrical properties. A high degree of crystallinity and atomic sharp terminations make them very promising for better understanding of sensing principles and for the development of a new generation gas sensor [93] [94] [95] [96] . The main advantages of 1-D nanomaterial-based sensors are enhanced sensitivity, spatial resolution, temporal stability, and rapid response associated with individual structures crucial from device point of view [97] . Accordingly, NWs and NTs are looked upon as a potential candidate for realizing next generation sensors. Compared to other nanomorphologies, NWs offer the advantages of relatively simple preparation methods allowing large-scale production, ease of fabrication, and manipulation. As a gas sensing material both NWs and NTs provide the advantages of tunable surface reactivity by means of controlling the aspect ratio and tailored loading of target specific receptor species or catalyst. Their length serve as resistance free pathway for electron transfer thereby improving the reaction kinetics, that is, response and recovery time.
The longer length provides a mean to measure the response using a four probe configuration avoiding the contribution arising from electrode contact. Ease of fabrication, that is, controlled growth in both the horizontally and the vertically aligned direction is the added advantage. Although, various 1D nanomaterials-based sensors are reported; however, most of them are still in a noncommercial state. The reason for this could be assigned to the problems associated with them that includes nonuniform growth, poor control over density and distribution, reproducible contact with electrodes, and the sensor geometry.
EN Based on Nanomaterials
With the advancement in microelectromechanical systems (MEMS), nanoelectromechanical systems (NEMS) very large-scale integration (VLSI), and nanoscience various novel nanostructures are successfully being employed in the fabrication of EN device [98, 99] . The smaller aspect ratio structures like nanoparticles (NPs), nanospheres, and nanocubes are generally used as a film for the sensing applications. On the other hand high aspect ratio structures have the potential to be incorporated singly, in multiples or as a film for sensing applications. The following section reviews the different ways in which nanomaterials can be used for EN applications. EN based on different nanomaterials, their detection principle and target molecules are summarized in Table 1 .
Isolated and Single Nanostructures.
One-dimensional structures are particularly important as they can be effectively utilized for developing EN based on single structures. The power requirement for single structure based devices is less ∼few tens of microwatts and hence one can envisage the EN and energy harvesting devices on a single unit. Besides, the high aspect ratio and the variation along the length could effectively be used as variables resulting in individual and different sensing elements as demonstrated successfully by Sysoev et al. [100] . In particular, a simple and excellent performing EN based on single SnO 2 nanobelt (NB) was realized using a combination of bottom-up fabrication protocols with the state-of-the art microfabrication methods. Figure 5(a) shows the schematic of the EN. The linear discriminate [190] analysis (LDA) performed over the responses from the EN successfully discriminated four gases, namely, ethanol, CO, isopropanol, and toluene as shown in Figure 5 (b). The multisensor data related to different analytes are clearly separated from each other and the average Mahalanobis distance (MD) between analyte-dependent data clusters at the LDA feature space was ∼33 units ( Figure 5(c) ). Additionally, the EN was demonstrated to detect low concentration complex aromatic compounds (glühwein, champagne, vermouth, and brandy) even under the strong background of ethanol. Use of different type of sensing elements in the sensor array would lead to improvement in the selectivity as well as increase in the detection limits of target molecules. Recently, Hu et al. have developed a method to incorporate an array of single NWs; palladium (Pd), polypyrrole (PPy), polyaniline (PANI), and zinc oxide (ZnO)-from three material typesmetal, conducting polymer, and metal oxide-on a single chip as shown in Figure 6 [101] . Use of four different type of sensing elements facilitated a well separated sensing patterns for the detection of CO, methanol, NO 2 , and H 2 even at extremely low concentration levels (625 ppb).
The allotropes of carbon basically single walled nanotubes (SWNTs) and graphene have been widely investigated for possible chemical and biosensing applications [102] .
Graphene is a two-dimensional (2D) crystalline monolayer made of sp 2 -hybridized carbon atoms arranged in a honeycomb lattice. In a way, it is the basic building block for all the other carbon nanomaterials. For example, folding up a graphene sheet into a cylinder along a certain lattice vector could result in the formation of SWNT [103] . Both these structures, namely, CNTs and graphene have the simplest chemical composition and atomic bonding configuration with higher surface area-to-volume ratio. This coupled with the size and surface comparable to the biomolecules has resulted in the detection limits down to single molecule levels [104, 105] . Although, these structures have demonstrated a potential of single molecule detection they have not yet reached to the deliverable stage. This is predominantly because of the problems associated with the device-to-device heterogeneity arising from the variation in the morphology (diameter and aspect ratio), alignment, and accordingly receptor loading. Besides, this also raises a question over the possible system integration for uniform device array mass production [101] . heterogeneous catalysis as functionalizing strategy as shown in Figure 7 [106] . Decorating the NWs surface with different metal nanoparticles is akin to functionalizing them with chemically specific moieties. The EN could unequivocally discriminate three gases, namely, H 2 , CO, and C 2 H 4 when the sensor responses were classified using linear discriminant analysis (LDA). SnO 2 NWs have also been used as gradient microarray sensors to realize EN [107] . The electronic nose systems were observed to detect and distinguish between reducing gases in air at ppb concentration level. The discriminating power of the system is defined by the density and morphological inhomogeneity of the NW array.
Multiple
The unique anisotropic morphologies and the abundant structure tuning capabilities have led to a widespread investigation of Si-NWs-based sensing devices [108] . It is still the most prevalent electronic material compatible with most of the standard fabrication and processing techniques. Its diameter can easily be tuned to the scale of 10-100 nm which is comparable to many chemical and biological target molecules. It has been used in realizing optical/fluorescent sensing, noble metal-enabled surface enhanced Raman scattering (SERS) biosensing, and FET-based electrochemical and biosensing [109, 110] . In case of FET-based sensing the surface of SiNWs serves as a gate which is modified with the receptors selective towards a particular biomolecule [111] . Attachment of biomolecule over the surfaces leads to a corresponding change in the carrier density inside the NWs. Using this simple approach detection of protein, pH, biomarkers, peptides, and viral peptides have been demonstrated. A review by Wang et al. critically address the different sensors realized using SiNWs and the future of these devices [112] .
Nanomaterials Film.
The ability to precisely control the size, (monodispersity) shape, and functional groups on the surface of nanostructures has led to an upsurge in their use for sensing applications. Ibañez et al. have critically reviewed the chemiresistive sensors based on chemically modified metal and alloyed nanoparticles ( [113, 114] and references within). In particular, sensing properties of metals such as Au, Pt, Pd, Ag, and alloys of these metals with several modifications have been explored, including functionalization with organic selfassembled monolayers (SAMs), polymers, surfactants, ions, and biomolecules, depending on the sensing application. Different methods have been used to realize a sensor, these include drop casting, air brushing, spin-coating, inkjet printing, microdispensing, immersion, microcontact printing, place-exchange cross-linking precipitation, and liquid phase cross-linking. Of the different NPs being investigated Au NPs have demonstrated a good potential to realize better sensors with tunable surface reactivity, that is, selectivity [115] . Recently, Broza et al. have demonstrated the feasibility of Au NPs-and Pt NPs-based chemiresistive sensors for identifying the breath-print of early-stage lung cancer (LC) and for shortterm followup after LC-resection [116] . The chemiresistive sensor were realized by drop-casting the solutions onto semicircular microelectronic transducers. Figure 8 shows the breadth print of early-stage malignant tumors: discriminant factor analysis of the sensing signals that were collected from the nanomaterial-based sensors before and after lung resection. There results clearly elucidate the fact that the NPs-based sensors do hold the potential for point of care diagnostics and medical care.
Additionally, Au NPs were also found to be useful for identification and generation of volatile fingerprints of cancer specific genetic mutations [117] . This work is of crucial significance as this may lead to the development of safer, prompt, and righteous interventions improving the quality of the treatment and end results. Kong et al. demonstrated that the fluorescence (FL) intensity of protein-directed synthesized Au NPs can be enhanced significantly (20-fold) on Ag plasmonic substrates [118] . Using this, a sensor array was developed that can successfully identify 10 kinds of protein.
The protein analytes upon interaction with AuNPs influences the fluorescence process (decrease/increase) thereby providing distinct FL image patterns that can be used to identify and classify different protein molecules.
Chemiresistive FET based on other nanostructures, namely, carbon nanotubes (CNT), Si NWs, and Pt NPs have been shown to be effective in determination of VOCs released from the breadth associated with various diseases like lung, breast, colorectal, prostate, and colon cancer [119] [120] [121] [122] [123] [124] . On the similar context using SiNWs and human serum albumin, bacteriophages/viruses, DNA, spores, biotin, and glucose [128] [129] [130] . Nanomaterials-based chemiluminescence (CL) is also a promising and alternative technique that has been used effectively for determination of VOC's, sugars/artificial sweeteners, protein sensing, and cell discrimination [131] [132] [133] [134] . Kong [131] . The CL efficiencies improve to varied degrees for a given protein or cell line on catalytic nanomaterials. Distinct CL response patterns as "fingerprints" were obtained on the array and then identified ISRN Nanomaterials 11 205 ∘ C Figure 9 : The schematic of the sensing process. The protein solutions or cell suspensions (10 L) are directly added on ceramic heaters sintered with catalytic nanomaterials. Then the proteins or cells are trapped onto the surface of nanomaterials after the volatilization of water. When the temperature is raised to 205 ∘ C, analytes are thermally oxidized with the generation of distinct TCL. After TCL decays, remains of analytes are wiped out from the surface of nanomaterials at 500 ∘ C. Published with permission from Kong et al. [131] , Copyright © 2013 American Chemical Society. through linear discriminant analysis (LDA). Figure 9 shows the schematics of the sensing process. The sensing of 12 kinds of proteins at three concentrations, as well as 12 types of human cell lines among normal, cancerous, and metastatic, has been successfully performed.
Conductive Polymer
Nanocomposites. Nanomaterial incorporated polymer nanocomposites are one of the attractive class of materials for developing a room temperature sensors. Besides, room temperature operation they offer the advantages like light weight, inexpensive, possibility of control over the properties by adjustment of nanomaterial content, and chemical nature of the polymer matrix. Castro et al. have investigated the effect of amount of CNTs in the five different polymer matrices (polymer nanocomposites [PNC]), namely, poly(caprolactone) (PCL), poly(lactic acid) (PLA), poly(carbonate) (PC), poly(methyl methacrylate) (PMMA), and a biobased polyester (BPR) on the responses towards VOCs [135] . The EN based on CNT-PNC could successfully distinguish the nine types of volatile organic compounds as shown in Figure 10 .
Similarly, EN based on other polymer nanocomposite have been demonstrated to be successful in determination of lung cancer biomarkers, VOCs, alcohols, relative humidity, and metal ions in solution [136] . You et al. have demonstrated an EN based on Au NPs-fluorescent polymer conjugates that can detect, identify, and quantify protein targets in a rapid, efficient, and general fashion [137] . Figure 11 shows the basic principle involved in the detection. Presence of Au NPs quenches the polymer fluorescence and that of protein disrupts the Au NP and polymer interaction thereby resulting in a distinct fluorescence response pattern. Using an array of six noncovalent Au NP-fluorescent polymer (poly(p-phenyleneethynylene) (PPE) derivative, PPE-CO 2 ) conjugates, and LDA, 52 unknown protein samples (seven different proteins) with an accuracy of 94.2% as shown in Figure 11(b) were identified. The demonstrated method does not require any special instruments, and its sensitivity and speed facilitate protein detection.
Microcantilever-Based EN.
A nanomechanical translation using cantilevers have been used as a common platform for the high throughput analysis such as protein, DNA, and cells. The cantilevers can be modified with receptor specific moieties and hence can result into sensors with high sensitivity, selectivity, and fast response kinetics. The binding of the analyte on the cantilever surface causes a shift in the resonant frequency. With advances in MEMS and NEMS, novel cantilever-based sensors have been fabricated with a potential to be incorporated in EN and exhibiting sensitivity down to zeptogram level (1 zg = 10 −21 gm) [138, 139] . Recently, Yang et al. have demonstrated a very high frequency silicon NW electrochemical resonators [138] . The epitaxially grown single crystal SiNWs were demonstrated to be a robust resonators operating at frequencies in very high frequency (VHF) range with high Q's (13100), zeptogram level mass sensitivity, and potential very large scale (VLS) device integration. Figure 12 shows the SEM image of one of the Si-NW resonator.
Cantilever-based EN have also been demonstrated for successful determination of explosives like trinitrotoluene (TNT), dinitrotoluene (DNT), dinitrobenzene (DNB) [140, 141] , hydrogen, primary alcohols, natural flavors, and water vapor [142, 143] .
State of the Art: Issues, Challenges, and Future Scope
The prime outcome of the EN is the qualitative and quantitative determination of the odor, that is, information related to the type of gas/analyte and its concentration [144, 145] . To achieve the desired information there are various pattern recognition algorithms, available. The discrimination models include the common classifiers like nearest neighbor classifiers, local Euclidean distance templates, local Mahalanobis distance templates, multilayer perceptrons (MLPs), and support vector machines (SVMs) with Gaussian or polynomial kernels. Similarly, the quantification models are multivariate linear regressions, partial least squares regressions, multivariate quadratic regressions, MLPs, and SVMs. Very recently, Gao et al. have developed several types of hierarchical model and compared their capabilities for quantifying 12 kinds of volatile organic compounds with the improved electronic nose based on Taguchi gas sensors [146] . Their study indicated that the hierarchical model is composed of multiple single-output MLPs followed by multiple singleoutput MLPs with local decomposition, virtual balance and local generalization techniques, has advantages over the others in the aspects of time complexity, structure complexity and generalization performance. Another challenge is the discrimination and quantification of odor existing in a very small concentration. A small concentration implies a high probability of strong interference from the other low or small concentration signals. This implies that the signal arising from different odors will lie 12 ISRN Nanomaterials Figure 11 : Fluorophore displacement protein sensor array. (a) Displacement of quenched fluorescent polymer (dark green strips, fluorescence off; light green strips, fluorescence on) by protein analyte (in blue) with concomitant restoration of fluorescence. The particle monolayers feature a hydrophobic core for stability, an oligo(ethylene glycol) layer for biocompatibility, and surface charged residues for interaction with proteins. (b) Fluorescence pattern generation through differential release of fluorescent polymers from gold nanoparticles. The wells on the microplate contain different nanoparticle-polymer conjugates, and the addition of protein analytes produces a fingerprint for a given protein.
(c) Canonical score plot for the first two factors of simplified fluorescence response patterns obtained with NP-PPE assembly arrays against 5 mM proteins. The canonical scores were calculated by LDA for the identification of seven proteins. The 95% confidence ellipses for the individual proteins are also shown. Published with permission from You et al. [137] , Copyright © 2013 Nature Publishing Group.
close to or intersect with each other in the measured space. This will increase the complexity in successfully discriminating and quantifying a particular odor at the background of other odors [147] and hence demands an improvement in the existing sensors and pattern recognition algorithms [148, 149] .
Another important challenge is to realize a contact to nanomaterials without altering the properties and if done then in a controlled way [150] . Additionally, the nanomaterials are functionalized using various organic molecules for generating the specific response and these organic molecules are prone to damage when attempted for electrical contacts. Recently, Haick et al. have reviewed the different ways to realize a contact on organic molecules with minimal and controlled alteration [151] . Various approaches including direct deposition of the conducting contact material on the molecules, using physical interactions and chemical bond formation between molecule and electrode materials, "readymade" contacts and contacts that are prepared in situ were explored and compared.
For realizing a complete lab-on-a-chip type EN requires a controlled analyte transport to the surface of nanomaterials through optimizing the flow patterns inside the microfluidic channel. This will assist in the reduction of the response time of biosensors [152] . Of the different processes, namely, fundamental surface reaction and convection and diffusion processes, enhancing the diffusional transport was found to improve the response kinetics.
All the above discussions clearly elucidates that nanomaterials do hold the promise for realizing an ultimate EN. However, before any practical or commercial application is envisaged it needs to address various daunting challenges. One of the important challenges is to gain complete understanding of the nanomaterials growth mechanism. This is crucial to achieve reproducible growth at predefined position with desired crystal quality and aspect ratio thereby assuring the repeatability and reproducibility of the EN. Controlled growth of metal NPs (e.g., Au), metal oxide NWs (e.g., ZnO), and organic NTs (CNT) has been achieved to a greater extend and accordingly are being widely employed.
The assembly of 1-D nanomaterials into ordered arrays is critical to the realization of integrated electronic architectures. Methodologies for development of large-scale hierarchical organization of nanomaterials arrays have been recently developed [153] [154] [155] [156] [157] [158] . A review paper by Yu et al. discusses extensively different way of assembling NWs to achieve thin film ordering on microscale and corresponding device-based architectures [159, 160] . However, one of the major disadvantages of the assembly techniques is that most of them are destructive in nature and the resultant alignment or assembly is not perfect. Moreover, nanomaterials in the final device are different thereby raising the question over reproducibility. It is thus crucial to come up with the solution wherein the nanomaterials can be assembled or aligned during the growth period itself [161, 162] . Another important challenge is to align nanomaterials between predefined electrodes and form proper contacts which directly influences the performance of the device [163] . Using a VLS mechanism and conventional CMOS technology Pevzner et al. have demonstrated a confinement guided shaping of semiconductor NWs, which they refer to as "Writing with Nanowires" [164] . They have demonstrated the ability to get NWs in practically any desired shape and size and various substrates including silicon wafers, quartz, glass slides, and even on plastic substrates. This work is of critical importance and a valuable step towards achieving designer devices comprising NWs integrated to microstructures with desired and tunable properties. A review by Lee et al. discusses the recent progress in the development of integrated devices based on networks of NTs and NWs. The most commonly adopted methods for the integration includes directed assembly, printing, and directed growth. Recently, Min et al. have demonstrated a high-speed electrohydrodynamic organic NW printer to print large-area organic semiconducting NW arrays directly on device substrates in a precisely, individually controlled manner as shown in Figure 13 [165] . The method provides the advantage of high-speed, large-area printing of highly aligned individual or array of organic NWs that allows control of the exact numbers, position, and dimensions. Now the most significant limitations for the widespread use of nanomaterial arises from the inability to grow them with industrial-scale production rate. It has been demonstrated that the well-adherent film of ZnO NWs could easily be grown on larger substrates sizes, 2 -4 with precise control over the aspect ratio using hydrothermal method [17, 109, 129] . Accordingly, the hydrothermal growth and other low temperature methods are also looked upon as a potential scale-up method. The larger substrate sizes could easily be coupled with the Si-microprocessing and microelectronics so as to realize commercial level devices. There are concerns related to the quality of the NWs resulting from this and other low temperature solution method. However, with appropriate modifications like postdeposition, annealing at higher temperature could possibly help to overcome the mentioned drawback. Very recently, Heurlin et al. have demonstrated a novel approach called "aerotaxy" from which production rates of GaAs NWs exceeding those available for substratenucleated NWs were achieved [166] . This continuous and potentially high-throughput method is expected substantially to reduce the cost of producing high-quality NWs and may enable the low-cost fabrication of NWs-based devices on an industrial-scale. different aspects and challenges involved in the field [167] . They have demonstrated the feasibility to realize the direct transfer and assembly of parallel-array NWs on various types of substrates by utilizing contact printing enabling the development of an all-printed technology for inorganic electronics and sensors. As use of nanomaterials in the fabrication of EN is increasing, a demand over the development of the wireless EN sensor node is also increasing. The advantage of nanomaterials incorporation in particular the possible miniaturization raises the alarm over the use of conventional data acquisition system. Very recently, Bambang Dwi Kuncoro et al. have investigated the state of the art situation in development of the wireless EN sensor nodes [168] . Development in this direction is mainly characterized by the total power consumption, complexity, cost, and data acquisition rate. Recent technological advancements in the field of MEMS, NEMS, very large scale integration (VLSI), and wafer level 3D packaging have and are contributing towards the realization of miniaturized, low cost, and low power wireless EN sensor nodes. New idea is to use the energy harvesting as demonstrated successfully for ZnO NWs for powering the miniaturized devices enabling self-powered devices [169] .
Since the nanotechnology is revolutionizing at a greater speed the demand for EN with compatibility for flexible electronic devices is emerging. Nanomaterial does hold the promise for the same. Recently, Park et al. have demonstrated a ultrasensitive flexible graphene-based field-effect transistor-(FET-) type bioelectronic nose [170] . The EN could recognize amyl butyrate with single carbon atom resolution having the detection limit of 0.04 fM. On the similar grounds Chou et al. have demonstrated a nanoscale grapheme oxide as artificial receptors for detection of protein molecules [171] . The developed EN could successfully differentiate the response from protein, namely, BSA, -galactosidase ( -Gal, from E. coli), hemoglobin (Hem, from equine heart), histone (His), lipase (Lip), lysozyme (Lys), myoglobin (Mayo), and ribonuclease A (Rib-A). Another interesting development is in the direction of EN system with textile integration. Such types of fabrics can be used in clothing to detect body parameters or as sensors in textiles to monitor the environment [172] . Kinkeldei et al. have demonstrated an incorporation of EN developed on flexible polymer substrate into a smart textile [173] . In particular, four carbon black/polymer gas sensors were first fabricated onto a flexible polymer substrate and then the substrate was cut into yarn like strips and integrated into a textile to create a smart textile with gas sensing functionalities. Figure 14 shows the steps involved in the fabrication of EN incorporated into textile. It was found that the harsh weaving conditions that bend the flexible polymer strip during fabrication (bending radii below 1 mm) do not alter the sensor functionalities. Using the EN and the PCA four different solvents, namely, methanol, acetone, isopropanol (IPA), and toluene were easily differentiated. On the similar ground Han et al. have demonstrated a CNTbased NH 3 sensor on a cotton textile [174] . These works are of critical importance as it demonstrated that sensor technologies can easily be integrated into the textiles with original sensor functionalities being preserved. The sensors embedded on garments are crucial in terms of designing a complete health care especially for the patients and the athletes [175] .
All these results clearly demonstrate that the future of nanomaterials-based devices especially EN is very bright and a completely commercial device is within a reach and soon will be available in the market.
Conclusions
The faster reaction kinetics evident in nanomaterials hold the promise for fast and reliable sensors thereby enabling the realtime monitoring of various odors or gaseous species. Of the different ways in which nanomaterials are being employed for the fabrication of sensors, optical and chemiresistive sensors have demonstrated the potential for multiplex, label free, and real-time detection. The high surface area-to-volume ratio coupled with the tunable surface reactivity has resulted in 16 ISRN Nanomaterials sensors with near single molecule detection capacity with faster response kinetics. The possibility of high integration density leading to devices with smaller size and superior performance than the existing materials is the driving force behind the research performed for prospective commercial viability. The reproducible and reliable integration of nanomaterials in the actual devices and the device-to-device variation pose the threat to their ultimate commercial utility. However, recent studies have clearly indicated the possibility of overcoming the hurdles making the commercial viability within reach thereby opening the huge commercial market for nanomaterials-based EN devices.
